The whitefly Bemisia tabaci (Gennadius, 1889) is a major pest species in many agricultural crops worldwide. Growers from the Vale do Caí region, in Southern Brazil (Rio Grande do Sul state) have been facing severe economic losses due to the increasing damages caused by this sucking insect in their horticultural crops. Small-scale farming in the Vale do Caí region relies heavily on horticulture, with many families involved in the activity and a consumer market spread throughout the whole state. Virus transmission and other damages inflicted by B. tabaci are especially harmful to tomato plants, and the managing of the pest currently demands two thirds of all chemical insecticides used in the region. While chemical control remains the main strategy for whitefly management on tomato crops, control failures and lack of updated information have led tomato growers to raise the number of sprays per crop cycle, with selection of resistant populations and harmful effects on the environment as consequent risks. The aim of this work was to evaluate chemical compounds and bioinsecticides in the control of B. tabaci nymphs and adults on tomato plants grown in two different greenhouses and under natural infestation conditions. The most efficient treatment for the control of B. tabaci adults was cyantraniliprole + lambda-cyhalothrin (50+30 g a.i. ha -1 ) with 64% of average control efficiency. As for nymph control, the most efficient treatment was the Embrapa formula, a bioinsecticide composed of 0.5% flaxseed oil + 0.5% neutral detergent + 0.3% sodium bicarbonate, which resulted in 72% of whitefly control in average.
Introduction
Bemisia tabaci (Gennadius, 1889) (Hemiptera: Aleyrodidae) comprises a highly adapted and widely dispersed species complex, being considered a major pest in many crops worldwide (Byrne & Bellows Jr., 1991; Basu, 1995; De Barro, 2000) . The damages inflicted by whitefly on its plant hosts result directly from sap sucking and toxin injection, and indirectly from virus transmission and honeydew secretion, which serves as a substrate for the growth of sooty mold fungi upon the leaves (Hirose et al., 2015) . B. tabaci is known to serve as vector for around ten percent of all known plant pathogenic viruses (Fauquet et al., 2008) . While the term biotype has been commonly used to distinguish whitefly lineages with different behaviors and geographical traits, De Barro et al. (2011) defines B. tabaci as a complex of 11 groups and at least 24 different species, distinguishable only through mitochondrial DNA analysis.
Tomato plants are mainly damaged by B. tabaci due to virus transmission, such as the Tomate yellow leaf curl disease (TYLCD) (Cohen & Antignus, 1994; Jones, 2003) , with yield losses mounting up to 70% (Villas Boas et al., 1997) . Additionally, sap sucking by B. tabaci can lead to the death of seedlings, physiological disorder and irregular rippening of the fruits; in cases of high infestation, losses due to these direct damages may reach up to 50% (Santos, 2008) . The Vale do Caí region is an important grower of horticultural crops in the Rio Grande do Sul state (Southern Brazil), with 1 624 families directly involved in the activity and a consumer market spread throughout the whole state. In the entire region, the total area grown with horticultural crops in 2016 was of 2 538 hectares, with a total production of approximately 92 800 tons (Emater/RS-ASCAR, 2017) . Nonetheless, growers from Vale do Caí have been facing severe economic losses due to the increasing occurrence of B. tabaci on tomato and other crops and the difficulties involved in controllig this pest, which currently demands 67% of all insecticides sprayed in the region (Rosa, 2017) .
While the use of chemical insecticides remains the most common strategy for whitefly control on tomato crops, the growing scale of the infesting populations suggests that the current programs have not been entirely efficient in the management of this pest. Scarcity of updated information and of technical follow-up have led tomato growers to raise excessively the number of sprays per crop cycle, potentially resulting in harmful effects on the environment such as water and soil contamination and negative impact on non-target organisms, as well as poisoning of farmers and presence of agrochemical residues in food. Furthermore, Bernardi (2016) reported the occurrence of resistant whitefly strains in the municipalities of Boa Vista do Sul, Bom Princípio, Caxias do Sul, Cruzeiro do Sul, Feliz, Flores da Cunha, Lajeado and São Marcos, all of which are located either in the Vale do Caí region or in its vicinities. Therefore, scientific research that supports the definition of an efficient whitefly management program and ensures that this information is taken to the growers and field professionals becomes extremely necessary.
The aim of this work was to evaluate the efficiency of chemical compounds and bioinsecticides in the control of B. tabaci adults and nymphs on tomato plants grown under greenhouse conditions, in two different sites, in order to estabilish the most efficient strategy for whitefly control on tomato crops. ). ³ E-coda-oil K is a product imported from Spain, with registration in the Brazilian Ministry for Agriculture, Livestock and Supply (MAPA). 4 The Embrapa formula is composed of 0.5% flaxseed oil + 0.5% neutral detergent + 0.3% sodium bicarbonate.
Materials and Methods

Experimental Sites
Treatments
The choice of treatments was based on the insecticides commonly used by the growers and more recommended by field professionals in the region to control B. tabaci on tomato crops. The treatments composed of chemical and biological insecticides, their respective active ingredients, brand names, modes of action in the insect's body and spray doses are shown on Table 1 . In all bioinsecticidal treatments (T8, T9, T10, T11 and T12), 5 ml of pyroligneous extract were added as a pH reducer, resulting in a spray volume with a pH of 6.4.
Experimental Design
The experiments were comprised of 15 m² plots (3 m × 5 m), with 4 replicates per treatment, in a randomized block design. The sprayings were carried out at the infestation onset, using a CO 2 -pressurized backpack sprayer, nozzles model TJ60-11003VS, and 400 L ha -1 of spray volume. On Experiment I, only one spray was made, while Experiment II received two sprays with an interval of 7 days between them.
Evaluations
Evaluations were made at 0, 4, 7, 11 and 14 days after spraying (DAS), for Experiment I; and at 0, 4 and 7 days after the first spraying (DA1S) and 4, 7 and 11 days after the second spraying (DA2S) for Experiment II. In each plot, 10 central leaflets were selected from random tomato plants, in the middle and upper thirds. In the abaxial side of these leaflets, the number of whitefly adults was counted in each evaluation, by slowly turning the leaflet upside down in order to prevent the escape of the insects. To proceed the counting of nymphs, 10 leaflets were collected per plot, from the middle and lower thirds of the plants, for later quantification in laboratory with the aid of a digital magnifying glass model Zeiss Discovery V12, at the Integrated Pest Management Laboratory, Federal University of Santa Maria (LabMIP-UFSM), Brazil.
Statistical Analysis
Control efficiency for each insecticide treatment was assessed through the equation of Abbott (1925) , with the obtained values being submitted to variance analysis (ANOVA) and to the mean separation test of Scott-Knott (P ≤ 0.05). All statistical analyses were carried out using the softwares Microsoft Excel ® (2010) and SAS ® (2002).
Results and Discussion
Experiment I
Whitefly infestation inside the greenhouse on Experiment I was at a high level by the time of spraying, with an average of 3.2 adults leaflet -1 and 45.6 nymphs leaflet -1 (Table 2) . While there is no defined economic injury level for B. tabaci on tomato crops to-date, the low control efficiency provided by all treatments in the first evaluation (4 DAS) suggests that the threshold for control decision-making must be below this infestation level. Accordingly, Lima et al. (2018) sets the economic injury levels for B. tabaci on watermelon crops between 0.13 and 0.52 adults leaf -1 at the vegetative stage of the plants, and 0.44 to 1.69 during the reproductive stage. Naranjo, Chu and Henneberry (1996) suggest a higher economic injury level for whitefly on cotton crops, varying around 10 adults leaf -1 , but never above 5 nymphs cm -2 -which is considerably below the number of nymphs found at the spray moment in the present work. ), caused no reduction of B. tabaci adults at the first evaluation (4 DAS). Even the treatments including pyrethroid insecticides (T5 and T6, with the pyrethroids lambda-cyhalothryn 30 g ha -1 and bifenthrin 40 g ha -1
, respectively), which are known to cause a fast knockdown effect on insects due to their mode of action (sodium channel modulators; see Table 1 ), presented control efficiency equal to zero at this evaluation. Tretatment T12 (Beauveria bassiana 16 g ha -1
), however, provided 66% of whitefly control at 4 DAS, reducing the population to 0.4 adults leaflet -1 . B. bassiana is an jas.ccsenet.org
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Overall, the highest reduction of B. tabaci adults was obtained with treatment T12 (Beauveria bassiana 16 g ha -1
) followed by T6 (acetamiprid + bifenthrin 40+40 g ha -1
), with average control means of 40% and 33%, respectively (Table 2) . Tretament T12 showed the best knockdown effect, reducing the infesting population to 0.4 adults leaflet -1 at the first evaluation (4 DAS); treatment T6, on the other hand, present the longest residual control effect, keeping the infestation level at 2.2 adults leaflet -1 at the last evaluation (14 DAS). While the final means of control efficiency may be considered extremely low, the occurrence of control efficiencies equal to zero for almost all treatments in two of the four evaluations (4 DAS and 11 DAS) may have overeduced the average means; nonetheless, the values are well representative of the difficulty in controlling whiteflies at high infestation levels with only one spray, regardless of the insecticide used.
Concerning the control of whitefly nymphs, treatment T12 (Beauveria bassiana 16 g ha -1
) was also the most efficient in reducing the number of individuals, reaching 86% of control at 11 DAS and keeping the infestation level on 6.2 nymphs leaflet ) presented 50 nymphs leaflet -1 at this evaluation. Treatment T11 (pyroligneous extract) presented the second highest efficiency, with an average control mean of 40%. This bioinsecticide is obtained from the condensed smoke of burning wood in charcoal mines, and is commonly used by organic growers as pest killer and fertilizer. Azevedo, Guimarães, Braga Sobrinho, and Lima (2005) attested a control efficiency of 67.35% for B. tabaci nymphs using the pyroligneous extract on watermelon; the same study stated that insecticides based on entomopathogenic fungi, such as B. bassiana, are more efficient in the control of whitefly nymphs than adults.
As with the whitefly adults, all treatments presented little to none residual control of nymphs at the last evaluation (14 DAS). Even the treatments containing neonicotinoid insecticides (T2 and T6, with acetamiprid at 60 and 40 g ha -1 respectively, and T7 with imidacloprid at a 210 g ha -1 dose), which are known to provide some of the longest residual control effects among all chemical groups (Salgado, 2013) , showed no control efficiency at 14 DAS. In fact, treatment T6 (acetamiprid + bifenthrin 40+40 g ha -1 ) presented only 4.64% of average control efficiency for B. tabaci nymphs-the worst performance after treatment T3 (spiromesifene 144 g ha -1
), which provided 3.86% of average control and presented 81.5 nymphs leaflet -1 at the last evaluation (14 DAS). In the plants treated with B. bassiana (treatment T12), on the other hand, whitefly population was kept at 7.5 nymphs leaflet -1 (see Table 2 ).
Despite being commonly used for the control of other sucking pests, such as stink bugs, these chemical insecticides seem to perform very poorly on the control of whitefly nymphs. While the high infestation level at the spray moment (45.6 nymphs leaflet -1 ) may be one of the reasons leading to such lack of control, this outcome can also be related to the intrinsic behavior and distribution of the whitefly nymphs along the tomato plants. Pozebon et al. (2018) stated that B. tabaci nymphs feeding on soybean plants concentrate mainly in the middle and lower thirds of the plants, on the abaxial side of the leaflets and in the middle and bottom parts of its surface. If such distribution pattern applies also for tomato plants, which is very likely, any flaw in the spray coverage could compromise the efficacy of the treatment, since the points of the plant canopy preferred by the nymphs are also the ones more difficult to be reached by the spray.
Experiment II
Whitefly infestation inside the greenhouse on Experiment II at the spray moment was at a lower level than on Experiment I, with an average of 2.7 adults leaflet -1 and 10.0 nymphs leaflet -1 (Table 3) . As a consequence, the means of control efficiency for both whitefly adults and nymphs were overall higher on Experiment II, attesting the importance of an early spray at the beginning of the infestation. Control efficiency was also clearly enhanced by the second spray, carried out seven days after the first. The two last evaluations of adults (7 DA2S and 11 DA2S) presented control efficiencies equal to zero or very near it, as shown on Table 3 ; differently from Experiment I, however, this was a result of the non-occurrence of B. tabaci adults in all treatments, including the untreated control, signaling that the adult infestation had reached its end. ), with 65% and 63% of average control efficiency, respectively; population density on these treatments was kept under 1.3 adults leaflet ), on the other hand, presented the worst performance, reducing the population of whitefly adults in 12%, in average. Considering the high adult mortality provided by treatment T12 on Experiment I, it can be assumed that a lower population of whitefly adults provides less means of dispersion for the spores of B. bassiana, which are also less effective in the control of B. tabaci adults than nymphs (Azevedo, Guimarães, Braga Sobrinho, & Lima, 2005) . Conversevely, all chemical insecticides presented higher means of control efficiency on Experiment II than on Experiment I, which is probably related to the use of two sprays instead of one, starting at the beginning of the infestation.
Regarding the control of B. tabaci nymphs, the bioinsecticides were overall superior than the chemicals, agreeing with the results found on Experiment 1. The highest nymph mortality was obtained by the treatment T10 or Embrapa formula (0.5% flaxseed oil + 0.5% neutral detergent + 0.3% sodium bicarbonate), with an average reduction of 72% in the nymph population and fast knockdown effect after the sprays. The plants treated with this formula did not present more than 12.5 nymphs leaflet -1 in any of the evaluations, while population density in the other treatments reached as high as 80 nymphs leaflet -1 (treatment T4 at 7 DA1S; see Table 3 ). The Embrapa formula is based on home-made treatments used by organic growers in the Vale do Caí region, and though not very efficient on situations of high infestation, such as on Experiment 1, seems to perform satisfactorily on lower whitefly populations.
As on Experiment I, treatment T12 (Beauveria bassiana 16 g ha -1
) kept nymph population at the lowest levels, reaching 86% of control efficiency at 7 DA1S with a population density of 8 nymphs leaflet -1 ; for comparison, at the same evaluation the plants treated with cyantraniliprole 50 g ha -1 (treatment T4) presented an infestation of 80 nymphs leaflet -1 . All treatments except T4 (cyantraniliprole 50 kg ha -1 ) provided their highest control means after the second spray (7 DA2S), ranging from 67% (treatment T8) to 94% (treatment T5) of nymph mortality at this evaluation. These results denote the importance of sequential sprays in order to enhance control efficiency, regardless of the insecticide used.
Besides preventing direct damage, keeping the whitefly infesting population at the lowest possible level is also a key factor in avoiding damages due to virus transmission. B. tabaci serves as a main vector for the circulative begomovirus Tomato yellow leaf curls virus (TYLCV), which is known to directly manipulate the settling, probing and feeding behavior of the whitefly in a way that enhances virus transmission efficiency and spread (Moreno-Delafuente, Garzo, Moreno, & Fereres, 2013) . Additionally, the interaction between begomoviruses and B. tabaci have evolved through millennia to be mutually beneficial for both virus and vector (Czosnek & Ghanim, 2012) , since the whitefly adult feeds more efficiently after acquiring the virus (Maluta, Garzo, Moreno, Lopes, & Fereres, 2014) and prefer to lay eggs on virus-infected than on non-infected tomato plants (Fereres et al., 2016) .
Combined Analysis
By comparing the results obtained from Experiments I and II, considering its different infestation levels and spraying programs, it becomes clear that sequential sprays beginning at the infestation onset are a key factor for the control of B. tabaci. The lack of an economic injury level for whitefly on tomato crops may represent a complication for monitoring and decision-making, but the works conducted on other crops (e.g. watermelon; Lima et al., 2018) and the evidence found on the present study suggest that the threshold for B. tabaci control must be set at a very early stage of the infestation, in order to ensure control efficiency of both chemical and biological insecticides.
While the final means of control efficiency stayed much below the level considered ideal (≥ 80.0%), as shown on Figure 1 , the vanishing of whitefly adults on certain evaluations of Experiment II and the overall lack of control in Experiment I resulted in an overeduction of the average means, which do not represent the subtleties of behavior in the different treatments; thus, a much better understanding is obtained by focusing on each individual evaluation. Although tomato plants are not grown in open field in the region, the natural occurrence of infestation inside the greenhouses points to a link with field populations in other crops; consequently, the drastic reduction in the population of whitefly adults (including the untreated control) at the last evaluations in Experiment II (see Table 3 ) might be associated with unfavorable climatic conditions during this period such as higher relative air humidity and lower mean temperatures (see Supplementary Table 1) , which are detrimental to whitefly population and its spread (Sharma et al., 2013; Sharma, Maqbool, Jamwal, Srivastava, & Sharma, 2017) . Nonetheless, the combined analysis of control efficiency means (Table 4) shows that the two experiments agreed on their main outcomes, despite being carried out under different infestation conditions. The chemical insecticides were overall superior than the bioinsecticides in the control of whitefly adults, with the highest average means being obtained by the treatments T5 (cyantraniliprole + lambda-cyhalothrin 50+30 g ha -1 ), T4 (cyantraniliprole 50 g ha -1
) and T7 (imidacloprid 210 g ha -1 ), in that order. Conversevely, the bioinsectides presented a superior performance in the control of whitefly nymphs, with the highest average means being obtained by the treatments T12 (Beauveria bassiana 16 g ha -1
), T11 (Pyroligneous extract) and T10 (Embrapa formula), in that order (see Table 4 ). Therefore, cyantraniliprole + lambda-cyhalothrin (50+30 g ha This outcome may be a result of the differences in behavior and dispersion of B. tabaci nymphs and adults. Chemical insecticides affect the insect's body by direct contact or ingestion. Assuming that whitefly adults prefer to feed and oviposit in the upper parts of the tomato plants, as observed in cucumber (Moura et al., 2003) and soybean plants (Pozebon et al., 2018; Czepack et al., 2018) , they are more likely to be direct reached by the insecticide spray, or to ingest its active ingredient through sap sucking. Whitefly nymphs, on the other hand, are sessile and stay sheltered in the abaxial side of the leaflets in the middle and lower thirds of the plants, thus avoiding direct contact with the chemical spray as well as its ingestion, since systemic insecticides are translocated mainly upwards from older to younger leaves (Buchholz & Nauen, 2002) and the lower third of the canopy is a region of difficult access by the spray. Therefore, B. tabaci nymphs are more likely to be affected by insecticides with alternative modes of action and contamination, such as B. bassiana spores, or containing ingredients with adherence properties, such as the flaxseed oil in the Embrapa formula.
Entomopathogenic fungi such as B. bassiana are easy to apply and present no risk to human health or natural enemies (Vestergaard et al., 2003; Zimmerman, 2008) ; however, fungi are slow acting compared to chemical insecticides and incompatible with most fungicides, besides being relatively expensive and highly dependent on environmental conditions and good spray coverage (Vidal et al., 2003) . Thus, a decision to spray chemical or bioinsecticides should not be based only on control efficacy, since other factors such as infestation level and control costs have to be considered.
In the current agricultural scenario, the use of chemical and bioinsecticides remains the most efficient and economically viable control strategy for B. tabaci on tomato crops. However, the increasing control failures and growing occurrence of resistant populations make clear the necessity of developing alternative methods inside the integrated pest management (IPM) and integrated resistance management (IRM) approaches for this pest. Accordingly, further studies should focus on the establishment of an economic injury level for whitefly on tomato crops, which constitutes the basis for any monitoring and control program of major agricultural pests.
